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The crystallographic thermal expansion coefficients of Ti5Si3 from 20 to 1000 °C as a
function of B, C, N, O, or Ge content were measured by high-temperature x-ray
diffraction using synchrotron sources at Cornell University (Cornell High Energy
Synchrotron Source; CHESS) and Argonne National Laboratory (Advanced Photon
Source; APS). Whereas the ratio of the thermal expansion coefficients along thec and
a axes was approximately 3 for pure Ti5Si3, this ratio decreased to about 2 when B, C,
or N atoms were added. Additions of O and Ge were less efficient at reducing this
thermal expansion anisotropy. The extent by which the thermal expansion was changed
when B, C, N, or O atoms were added to Ti5Si3 correlated with their expected effect
on bonding in Ti5Si3.

I. INTRODUCTION

Ti5Si3 displays a high melting point, low density, and
with certain interstitial additions,1 excellent oxidation re-
sistance. However, the large thermal-expansion aniso-
tropy of Ti5Si3 severely limits its practical use. This large
anisotropy unavoidably causes the development of strain
and microcracks during high-temperature synthesis and
processing. Four previous studies have quantified the
thermal-expansion anisotropy of Ti5Si3, three by high-
temperature x-ray diffraction2–4 and one by length-
change measurements of a single crystal.5 All studies
measured a significantly larger expansion along thec
axis compared to thea axis. The larger anharmonic vi-
bration along thec axis was attributed to weak metallic
bonding along this axis compared to strong covalent
bonding along thea axis. This explanation is partly cor-
roborated by electrical conductivity measurements that
show the conductivity is twice as large along thec axis
than along thea axis.5

Although all studies reported similar relative thermal
expansions, the absolute values varied considerably (see
Table I). Specifically, the standard deviation of measure-
ment between the four studies was 9.7% for the coeffi-
cient of thermal expansion along thec axis (ac) and 27%
for the coefficient of thermal expansion along thea axis
(aa). One reason for the differences may be due to the
presence of oxygen and nitrogen impurities. Based on
reported lattice parameters, the Ti5Si3 synthesized by
Ikarashiet al.3 must have had approximately 1.0 wt% of
oxygen, and the study by Thomet al.4,6 suggests ap-
proximately 0.1 to 0.4 wt% of oxygen. The study by
Williams et al.,7 which systematically measured the
change in lattice parameters of Ti5Si3 as a function of

various interstitial additions, was used to estimate the
impurity content. Due to similar effects on the lattice,
nitrogen impurities may also be present. Regarding the
remaining two studies, the lattice parameters reported by
Zhang and Wu2 were consistent with approximately
0.3 wt% excess silicon, and Nakashima and Umakoshi5

did not report any lattice parameters.
One purpose of this study is to compare the effects that

oxygen, nitrogen, carbon, and boron have on the thermal-
expansion anisotropy of Ti5Si3. This may aid in explain-
ing the scatter in the published values of supposedly pure
Ti5Si3. A study by Thomet al.4 did show that the addi-
tion of only 3.1 wt% carbon to Ti5Si3 increasedaa by 8%
and decreasedac by 12%. One important ramification of
this study is that incorporation of carbon can reduce the
thermal-expansion anisotropy of Ti5Si3, making it a more
attractive engineering material. Furthermore, a similar
result is expected for oxygen, nitrogen, and boron addi-
tions. The reason is that all of these atoms occupy the
same interstice as carbon and all have similar effects on
atomic separations and bonding within Ti5Si3. Unfortu-
nately, the 20% reduction in thermal-expansion aniso-
tropy as carbon is added to Ti5Si3 is not sufficient to
avoid strain and microcracks during consolidation. A
study by Kimet al.8 modeled a maximum critical grain
size needed to completely avoid microcracks for a given
thermal-expansion anisotropy. Based on this model and
the thermal-expansion coefficients from Thomet al.,4

carbon-containing Ti5Si3 has a critical grain size of 5 to
6 mm, which is only a slight improvement over the criti-
cal grain size of 2 to 3mm for pure Ti5Si3.

A more substantial reduction in thermal-expansion an-
isotropy has been reported in two studies, which replaced
some of the titanium by zirconium, niobium, or chro-
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mium.2,3 Whereas carbon additions led to a 20% reduc-
tion in thermal-expansion anisotropy, zirconium sub-
stitutions yielded a 30% reduction and chromium a 70%
reduction. According to Zhang and Wu,2 very small
quantities of niobium may actually reverse the thermal-
expansion anisotropy, although further studies are nec-
essary to substantiate this result. Another purpose of this
study is to partially substitute silicon with germanium,
because the effect that this type of compositional modi-
fication has on the thermal expansion has yet to be stud-
ied. The hope is that germanium substitutions will also
reduce the thermal-expansion anisotropy, primarily by
weakening the strong silicon–titanium network located in
the basal planes.

II. EXPERIMENTAL PROCEDURE

Williams et al.7 give a detailed description of sample
synthesis and characterization. In summary, samples
were synthesized by arc melting reagent-grade pieces of
titanium and silicon/germanium with boron, graphite,
TiN, or TiO2 added to achieve the desired interstitial
content. Weight losses were generally much less than
0.5 wt%, and synthesized samples were single phase. In
addition, total carbon, nitrogen, and oxygen impurity
content (Here impurity content refers to contamination
by these elements, not intentional addition of C, N, or O.)
was less than 0.09 wt% for all samples. Arc-melted
samples for x-ray analysis were ground to <20mm pow-
der in an agate mortar.

Detailed descriptions of the sample furnace and dif-
fractometer geometry are given by Margulieset al.9,10

Diffraction experiments were run using 45 keV x-ray
radiation. The high energy was necessary to achieve a
negligible x-ray absorption by the furnace tube, as well
as to provide diffraction by transmission rather than by
reflection, which is the conventional method of high-
temperature x-ray diffraction. Furthermore, an analyzer
crystal of (111) Si was used before a NaI detector. The
transmission geometry and analyzer crystal greatly re-

duce systematic and random errors associated with con-
stantly shifting sample heights, a serious problem when
using a conventional high-temperature diffractometer.
However, the high x-ray energies that were used in this
study significantly compress the measurable 2u range of
peak reflections. Thus, errors associated with calcula-
tions of lattice parameter are slightly larger. Specifically,
the standard errors associated with lattice parameter re-
finements were approximately 0.001 Å.

The tube furnace used in the experiments, as described
by Margulieset al.,9,10 was designed such that thermal
gradients across the sample were less than 1 °C. By com-
parison, vertical and horizontal thermal gradients of 50 to
100 °C are not uncommon for typical hot stages of con-
ventional diffractometers. In addition, the sample ther-
mocouple was calibrated against a National Institute of
Standards and Technology (NIST) traceable thermo-
couple ensuring a measurement accuracy of better than
1 °C over the entire temperature range studied. Before
heating, the furnace was purged with ultrahigh-purity-
grade helium for at least 1 h, and a slow helium flow was
maintained throughout the experiment. Diffraction scans
were acquired from approximately 2° to 20° 2u. The
positions of 12 to 20 peaks were measured by fitting
Pearson VII profiles to each peak, and the lattice param-
eters were calculated by a least-squares refinement pro-
gram.11 The 2u zero and x-ray energy were calculated by
adding silicon as an internal standard to the room-
temperature scans.

III. RESULTS AND DISCUSSION

Figure 1 illustrates typical peak profiles obtained dur-
ing this study. For one sample of Ti5Si3 and one of
Ti5Si3B0.5, each diffraction line was actually composed
of two peaks—a sharp, intense peak accompanied by a
weak, diffuse peak at a lower angle. This indicates that

TABLE I. Published values of linear coefficients of thermal expan-
sion for Ti5Si3.

aa, °C−1 × 10−6 ac, °C−1 × 10−6 ac/aa Reference

5.9 ± 0.2a 16.9 ± 0.6a 2.9 ± 0.2a This study
6.3 ± 0.1a,b 17.8 ± 0.3a,b 2.8 ± 0.1a Nakashima and

Umakoshi5

8.7 ± 0.2a 22.1 ± 0.9a,c 2.5 ± 0.2a Thom et al.4

10.4d 17.6d 1.7 Ikarashiet al.3

5.1 22.2 4.4 Zhang and Wu2

aErrors represent 90% confidence intervals.
bThese thermal expansion coefficients were calculated by digitizing the
plot given in Ref. 5.

cThe ac, as reported in Ref. 4 was incorrect. This is the correct value.
dThese values were estimated from a bar chart.

Fig. 1. Examples of peak profiles of Ti5Si3Zx obtained from synchro-
tron sources. Ti5Si3 and Ti5Si3B0.5 were broader than samples with
carbon, nitrogen, and oxygen and showed a diffuse low-angle tail. This
indicates that a small portion of the Ti5Si3 and Ti5Si3B0.5 samples was
not well crystallized. The BeO peak is from the furnace tube.
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these samples were heterogeneous such that a small por-
tion of the arc-melted ingot was not well crystallized. In
these cases, two peaks were fit to each reflection when
calculating thermal expansion. Other Ti5Si3 samples,
which were not used in this study, showed additional
peaks associated with each reflection, also indicating het-
erogeneity. Note that diffraction patterns taken by con-
ventional diffractometers with Cu Ka radiation could not
resolve this convoluted peak structure due to inherently
larger instrumental broadening compared to synchrotron
sources and due to the added presence of the Ka2 peak.9

In contrast, samples with carbon, nitrogen, and oxygen
did not show a convoluted peak structure, which indi-
cates well-crystallized and more homogeneous arc-
melted ingots. This suggests that interstitial atoms may
enhance ordering during the solidification process. Al-
though boron also primarily resides in the same intersti-
tial site, the fact that it does not follow this pattern
suggests that boron may also partially substitute for sili-
con during solidification. Several silicides are known
to exist where silicon atoms can be substituted with
boron—Mo5(Si,B)3 is a common example. The reason
that boron readily substitutes for silicon may be due to its
larger size compared to carbon, nitrogen, and oxygen.

A summary of lattice parameters as a function of tem-
perature is illustrated in Fig. 2. At least two data points
were taken on cooling to compare with data taken on
heating. In all cases but one, the lattice parameters ob-
tained on cooling were within 0.002 Å of the lattice
parameter obtained on heating (Ti5Si3O0.4 being the ex-
ception had a 0.004 Å difference). This good agreement
suggests the following: Samples did not significantly re-
act with their surroundings, the diffractometer remained
in alignment, and the synchrotron energy did not change
significantly throughout the experiment. Thus, no signifi-
cant systematic errors are anticipated in most of these
measurements. The largest error in this study is expected
to be the random error associated with the determina-
tion of lattice parameters, about ±0.002 Å. However,
systematic errors associated with the measurement of
germanium-containing samples could not be entirely pre-
cluded. Unlike the other samples whose spectra were
taken with a 2u step scan and NaI detector, the spectra of
germanium-containing samples were collected with im-
age plates. The difficulty in measuring the distance from
the sample to the image plate as a function of the position
of the image plate can lead to systematic errors.

Table II lists the thermal-expansion data of this study.
The data assume linear thermal expansion along both
crystallographic directions. The room-temperature lattice
parameters listed in Table II were measured by a con-
ventional diffractometer with NIST silicon (SRM 640b)
added as an internal standard (see Williamset al.7 for
additional details). The synchrotron energy and diffrac-
tometer zero were refined until the measured room-

temperature lattice parameters matched those listed in
Table II. Only the data of Nakashima and Umakoshi5 are
consistent with thea’s of Ti5Si3 as measured in this
study. A comparison of the data is illustrated in Fig. 3.
The small difference ina’s between studies could be
attributed to a slightly different oxygen content (lower in
this study) and/or a 5% systematic error in temperature
measurement. Theac/aa ratio reported by Thomet al.4

for Ti5Si3 is most consistent with a sample containing
oxygen, and the ratio for the carbon-containing sample is
in excellent agreement with the carbon-containing
samples of this study. However, thea’s for each axis
reported by Thomet al.4 are consistently larger by 23 to
27% than thea’s reported in this study. This suggests a
relatively large systematic error that is very reproducible
from sample to sample between these two measurement
techniques—most likely an error in measuring the tem-
perature. The differences between other studies are more

Fig. 2. (a) Expansion of thea axis and (b)c axis for all samples of this
study. Lattice parameters as a function of temperature were calcu-
lated by least-squares refinement using the positions of 12 to 20 dif-
fraction lines.
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extreme and not easily explained. The results of Ikarishi
et al.,3 whose samples are thought to have a high oxygen
content, qualitatively agree with thea’s of Ti5Si3O0.4;
however,aa is significantly larger than this study sug-
gests. One reason may be a significant error associated
with their method of calculating lattice parameters—
simultaneous solution of two equations based on the po-
sitions of only two peaks. This method of calculation is
much less accurate than the typical least-squares tech-
nique. Finally, the results of Zhang and Wu2 are incon-
sistent with this and every other study.

The interstice that boron, carbon, nitrogen, and oxygen
occupy is formed by six titanium atoms in an octahedral
configuration. These octahedra are face shared along the
c axis. In pure Ti5Si3, most of the bonding along thec
axis is thought to be due to this chain of face-shared
octahedra of titanium atoms as well as a linear chain of
titanium atoms parallel to the octahedral chain. Further-
more, the bonding associated with the linear chain is
expected to be stronger than the bonding associated with
the octahedral chain. On addition of interstitial atoms, the
weak bonding associated with the octahedral chain is
replaced by stronger titanium–interstitial-atom bonding.
Whereas the weak titanium–titanium-octahedral bonds
are primarily directed along thec axis, the titanium–
interstitial-atom bonds have nearly equal components
along thea and c axes. Thus, as carbon is added to
Ti5Si3, for example, theac decreases due to replacement
of weak metallic bonds with stronger covalent bonds.
However, the anharmonic vibrations of these titanium–
carbon bonds are large enough to increase the totalaa.

Comparison ofa’s in other compounds gives an indi-
cation of whyaa is increasing as interstitial atoms are
added to Ti5Si3. The a of TiC, a compound composed
solely of titanium–carbon bonds, is approximately 7.95 ×
10−6 °C−1 and thea of TiN is approximately 8.2 to 9.1 ×
10−6 °C−1.12 Both values are significantly larger than the
aa of pure Ti5Si3. Thus,aa increases as carbon and ni-

trogen are added to Ti5Si3 such as to approach the mag-
nitude of anharmonic vibrations seen in TiC and TiN.
Also, based on sublimation energies of TiZ compounds
(Z 4 B, C, N, or O), one would expect titanium–carbon
bonds to be the strongest and titanium–oxygen bonds the
weakest. Furthermore, whereas the titanium–carbon
separation in Ti5Si3 is similar to the separation in TiC,
the titanium–oxygen separations are significantly longer.
For these reasons, addition of carbon to Ti5Si3 has a
significantly stronger influence on thea’s than does ad-
dition of oxygen.

By comparing the properties of silicides to the prop-
erties of their germanide counterparts, one expects
weaker, more anharmonic bonding in the germanides.
Thus, partial substitution of silicon with germanium was
expected to increase the overall thermal-expansion coef-
ficient. Additionally, because most of the titanium–
silicon/germanium bonding is expected to fall in the
(001) planes, a larger increase inaa than ac was ex-
pected. This study does show this assertion to be true. For
example, Ti5Si1.5Ge1.5 shows a 13.3% increase inaa ac-
companied by only a 7.6% increase inac. Unfortunately,
this leads to a relatively insignificant change in the
thermal-expansion anisotropy. Thus, substitution for sili-
con atoms is not a viable method of reducing the thermal-
expansion anisotropy.

Based on the crystallographica’s, bounds of the bulk
thermal expansion,abulk, as derived by Hashin13 can be
determined by

abulk = (2aa + ac) /3 , (1)

abulk = (2aa + ac) /3 + 2C (aa − ac) /3 . (2)

Equation (1) is based on the Reuss approximation of the
bulk elastic modulus, Eq. (2) is based on the Voight ap-
proximation, andC is a function of the compliance ten-
sor only. These bounds assume a random distribution of
uniform grains such that the bulk material is statistically

TABLE II. Room-temperature lattice parameters and linear coefficients of thermal expansion from room temperature to 1000 °C.

Sample Source

Å, 25 °C °C−1 × 10−6

ac/aa
baa ca aa

b ac
b

Ti5Si3 APS 7.4591 (1) 5.1515 (1) 5.8 ± 0.6 17.0 ± 2.2 2.9 ± 0.7
Ti5Si3 CHESS 7.4600 (2) 5.1517 (1) 6.0 ± 0.2 17.0 ± 0.4 2.8 ± 0.2
Ti5Si3B0.5 CHESS 7.4782 (1) 5.1788 (1) 7.2 ± 0.3 14.5 ± 0.8 2.0 ± 0.2
Ti5Si3C0.5 CHESS 7.4399 (1) 5.1677 (1) 7.6 ± 0.2 14.3 ± 0.5 1.9 ± 0.1
Ti5Si3C0.5 APS 7.4415 (1) 5.1687 (1) 7.3 ± 0.3 14.1 ± 0.6 1.9 ± 0.2
Ti5Si3C0.85 Thom et al.4 7.4438 (4) 5.1643 (4) 9.3 ± 0.4 17.9 ± 1.3 1.9 ± 0.2
Ti5Si3N0.5 APS 7.4273 (1) 5.1453 (1) 7.9 ± 0.4 16.3 ± 0.4 2.1 ± 0.2
Ti5Si3O0.4 APS 7.4342 (1) 5.1334 (1) 7.0 ± 0.7 17.4 ± 0.6 2.5 ± 0.3
Ti5Si2.25Ge0.75 CHESS 7.4868 (1) 5.1743 (1) 6.4 ± 0.3 17.8 ± 0.5 2.8 ± 0.2
Ti5Si2.25Ge0.75C0.5 CHESS 7.4664 (1) 5.1859 (1) 7.9 ± 0.3 15.6 ± 0.5 2.0 ± 0.1
Ti5Si1.5Ge1.5 CHESS 7.5140 (2) 5.1964 (1) 6.8 ± 0.2 18.3 ± 0.6 2.7 ± 0.2

aValues in parentheses represent the standard error of the lattice parameter calculation.
bErrors represent 90% confidence intervals.
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homogeneous. Because the compliance tensor for Ti5Si3
has not been measured, Fig. 4 illustrates estimates for
abulk based only on Eq. (1). Nitrogen, oxygen, and ger-
manium additions significantly increase the bulk thermal
expansion coefficient of Ti5Si3. Thus, these elements
would be most efficient at tailoring the bulk thermal
expansion to a given application.

Reported values of the bulk thermal expansion of
Ti5Si3, as measured by dilatometry, show very large de-
viations between studies.4,14,15One reason is due to the
presence of impurities because typical powder-
processing routes can lead to significant amounts of in-
terstitial carbon, nitrogen, and oxygen. However, another
major reason in the scatter may be due to the presence of
microcracks and residual strain that will form because

of the thermal-expansion anisotropy. The magnitude of
these effects will strongly depend on the processing
method (e.g., hot pressing versus pressureless sintering).

IV. CONCLUSIONS

This study suggests that some of the scatter in pub-
lished values of thermal-expansion coefficients of Ti5Si3
can be explained by oxygen impurities. However, sys-
tematic errors must also exist in some or all of the stud-
ies, although this study did attempt to minimize these
errors. The most probable reasons for discrepancies be-
tween studies are inaccurate temperature measure-
ments, shifting sample heights, and reactions on the
surface of the samples associated with x-ray-diffraction
experiments.

In agreement with a previous study, this study has
shown that carbon additions, as well as boron, nitrogen,
and oxygen additions, do reduce the thermal-expansion
anisotropy of Ti5Si3 by as much as 34%. Reduction of
this anisotropy is necessary to produce a strain-free and
crack-free microstructure. Unfortunately, substitutions
for silicon atoms or incorporation of interstitial atoms
alone are not sufficient to entirely eliminate the thermal-
expansion anisotropy. However, these compositional
modifications may be an effective method of tailoring the
bulk thermal expansion to a given application.
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